A novel ring resonator configuration with Bragg gratings is presented. The stability of this configuration is studied by a z-transform technique. A router design with a FWHM of 17 MHz, a Ϫ40-dB rejection ratio, and a 15-dB gain at the output port is reported. The influence of temperature and of fabrication tolerance on parameters of this router configuration implemented with fiber technology is reviewed. Deviations in design specification owing to parameter variations are studied and compensated for with a gain control of 2.4% in a specific design.
Introduction
Nowadays ring resonators ͑RR's͒ are widely used in optical communication systems. Several applications of RR's, including routers in self-routing frequency-division multiple-access networks, 1 as filters in optical frequency-division multiplexing transmission systems, [2] [3] [4] and as converters from frequency-shift to amplitude-shift keying modulation, 5 have been reported. RR's have also been used with Bragg gratings 2, 6 as tuning filters.
In Ref. 2 a RR with gain and Bragg gratings ͑RRGB͒ was proposed; its fundamental behavior as a wavelength demultiplexer was analyzed and a specific design that uses integrated optics technology was proposed.
In this paper we study the general properties of the RRGB by the z-transform technique and analyze in detail its behavior as a wavelength router. The influence of parameter variations on design specifications for a device based mainly on fiber optic technology is also studied. The RRGB operates in the coherent regime, so T c Ͼ Ͼ , where T c is the source coherence time and is the loop transit time.
The main features of this novel device are the ways in which RR periodicity is avoided 7 because of the Bragg grating transfer function 8 and in which the FWHM is improved. These two features imply an incremental increase of free spectral range ͑FSR͒ in this device compared with a simple RR, so the number of channels to be multiplexed is increased. Another advantage is flexibility through gain variation, allowing deviations from device specifications to be overcome. In this paper, Section 2 is devoted to explaining general device performance; stability conditions are derived and a detailed study of transfer-function behavior is carried out. Configurations of the device both as a router and as a demultiplexer are considered.
In Section 3 we describe the ways in which design specifications depend on K ͑an input-coupler coupling factor͒ and H ͑a parameter that takes into account Bragg grating reflectivity, the coupler inside the loop, and amplifier gain͒. In Section 4 we describe the ways in which parameter deviations that are due to variances in temperature and component size tolerances influence the performance of a RRGB as a router. Most critical parameters are identified, and a compensation for the global effect is proposed. Finally, the tuning process is also studied.
General Theory
In this section we derive a device transfer function and use it to study the stability and influence of various parameters on device performance. A schematic of the RRGB under study is shown in Fig. 1 . It is a simple RR with new transfer functions embedded within the loop. To describe a generic device with N transfer functions inside the loop, we can use the following expressions:
where E 1 is the input amplitude to the coupler at port 1 ͑P1; Fig. 1͒ , E 3 is the output amplitude at port 3 ͑P3͒, and E 4 is the amplitude at port 4 ͑P4͒. K and ␥ are the intensity coupling coefficient and the excess loss in intensity of coupler A, ␤ is a propagation constant, L is the loop length, and H is defined as
so it includes the loss factor ͑1 Ϫ ␥͒ 1͞2 exp͑Ϫ␣L͒, where ␣ is the amplitude loop attenuation coefficient, and the product of all functions of concatenated elements inside the loop. Only forward transmission is considered, because, in Subsection 4.A below, we estimate that backward reflections inside the loop ͑ow-ing to inaccuracies in the intensity coupling coefficient of coupler B͒ and backward amplified spontaneous emission of the amplifier are negligible. In any case, we can avoid them in a practical implementation by placing an isolator inside the loop, 9 before transfer function F 2 .
In the device proposed in this paper, only two functions, gain and Bragg grating transmission through a 3-dB coupler, are considered inside the loop. Those field transfer functions, F i , are given by
where G is the optical amplifier intensity gain and K 2 and ␥ 2 are the intensity coupling coefficient and the excess loss in intensity of coupler B; r͑͒ is the Bragg grating reflectivity, given by 10
where k, ␣ p , and L b are the coupling factor, the loss coupling, and the length of the Bragg gratings, respectively, ⌬␤ is the propagation constant's deviation with respect to its value at the main reflection point, and
To determine the device's stability we can apply the z-transform technique if its transfer function generates constant delays in the wavelength range of interest. This is accomplished if the transfer-function phases are linear functions of frequency. The first transfer function, G, follows this rule. In the case of F 2 , the Bragg grating phases are linear at the central peak, 10 so phase F 2 is almost linear in the working range, as can be seen from Fig. 2 , with k ϭ 110 m
Ϫ1
, ␣ p ϭ 0, and L b ϭ 0.01 m. The principal effect of attenuation, ␣ p , within transfer function F 2 is a reduction in reflectivity in the central wavelength and less-distinct reflectivity in the sidelobes. The first effect, attenuation of reflectivity at the central wavelength, has been considered in the device that we designed because we chose a nonideal value at a central wavelength of 0.8. The other effect, less-distinct reflectivity in the sidelobes, would improve the ratio of rejection of adjacent channels, so is no restriction on using the parameter ␣ p ϭ 0. Commercially available devices, however, have the other specifications listed above.
The basic delay time, , of the RRGB is equal to r ϩ b , where r is the loop delay time and b is the delay time of F 2 , which includes a Bragg grating. Once a fundamental delay time is defined, one can apply the z-transform technique to determine the stability of the system. To do so, we substitute exp͓Ϫj͑␤L Ϫ ЄH͔͒ ϭ z Ϫ1 into Eqs. ͑1͒ and ͑2͒ ͑where ЄH is the phase of H͒. After doing so, we find that poles of the E 3 ͞E 1 and E 4 ͞E 1 functions are located at z p ϭ ͉H͉͑1 Ϫ K͒ 1͞2 and that the E 3 ͞E 1 function also has a zero at z c ϭ ͉H͉͑͞1 Ϫ K͒ 1͞2 . The system is stable if the transfer-function poles are located inside the unit circle, so it must follow
. So it can be inferred that the maximum and the minima are located as follows: At port P4 the maxima are located where exp͓Ϫj͑␤L Ϫ ЄH͔͒ ϭ ϩ1, so the optical path lengths are equal to integer multiples of the wavelength. At port P3 the situation is different, because the locations of the maxima and the minima depend on the value of ͉H͉ at that wavelength. If ͉H͉ Ͼ 1, the maxima are located at the same positions as in port P4, but, if ͉H͉ Ͻ 1, the maxima are located in places where exp͓Ϫj͑␤L Ϫ ЄH͔͒ ϭ Ϫ1. At this port the transition from maximum to minimum happens with ͉H͉ ϭ 1, which is the point where transfer function E 3 ͞E 1 has a constant amplitude. In our device the ͉H͉ value is a function of frequency because the Bragg grating transfer function alters the magnitude of F 2 , as can be seen from Eq. ͑5͒. That is the reason for the aperiodicity of transfer functions at ports P3 and P4.
Previously it was shown that the RRGB can be used as a router 1 if we work with ͉H͉ Ͻ 1 or as a demultiplexer with ͉H͉ Ͼ 1, with a FSR greater than a simple RR FSR. It is important to note that, for higher rejection ratios between adjacent channels, the RR FSR must be at least a third of the Bragg grating's FWHM; see Fig. 3 .
The new FSR in our ideal device would be infinite because transfer function F 2 attenuates all the channels, apart from the device's central wavelength. In a real device the RRGB FSR is restricted by the tuning range of the Bragg gratings. In conventional communication-grade fibers, their spectra typically shift by 3-10 nm for each 100°C change in temperature. Newly designed long-period gratings, with air rings that have inside claddings made from polymer, can provide a tuning range of 50 nm when the temperature is cycled from 20 to 80°C. 11 Therefore a 50-nm FSR is possible.
In the design analyzed in this paper, whose transfer functions are plotted in Fig. 4 , a loop length of 0.055 m is considered, with a RR FSR of 0.03 nm ͑3.75 GHz͒ and a Bragg grating FWHM of 0.09 nm. The FSR of the RRGB is limited to the Bragg grating tuning range, as indicated above.
The behavior of the RRGB as a router is illustrated in Fig. 4͑a͒ , with ͉H͉ ϭ 0.993 ͑a specific optical carrier is rejected͒. If ͉H͉ ϭ 1 ͓Fig. 4͑a͒, inset͔, all optical carriers pass through. The demultiplexer's behavior is shown in Fig. 4͑b͒. From Fig. 4͑b͒ it can be seen how the dependence of ͉H͉ on frequency causes a decrement in maxima adjacent to the central maximum at port P3, even these can be transformed into minima.
Implementation of the RRGB Router
In what follows, we describe the design of the RRGB as a router, which means that it selects a specific optical carrier when it is turned on, at port P4, while the other carriers pass through port P3 without attenuation. Device behavior is controlled by two parameters, H and K. As we mentioned above, the RRBG behaves as a router if ͉H͉ Ͻ 1; if we also want to have a reasonable opportunity to reject a selected channel at port P3, parameters must be chosen to locate port P3 zero close to the port P4 pole. This condition is accomplished at values of K 3 0. Figure   Fig 5, shows ͉H͉ values when z p and z c are equal to 1, designated ͉H p ͉ and ͉H c ͉, respectively. Pole effects that cancel to zero at port P3, which is the case when ͉H͉ ϭ 1, should be avoided. ͉H͉, when it is modified with amplifier gain G, can be used as the control parameter. If we modify the value of ͉H͉ at the working wavelength we can compensate for variances from specified tolerances in design specifications and select the device functionality ͑router or demultiplexer͒. Design specifications of interest are the FWHM and the output power of the rejectedselected channel at the working wavelength.
From Fig. 6 we can observe the FWHM and the peak value at the working wavelength versus ͉H͉, with K ϭ 0.014 and ͉H p ͉ ϭ 1.007, which is the maximum allowed value for a stable system. At port P3, when ͉H͉ ϭ 1 the central peak has a 0-dB value, whereas for lower values of ͉H͉ this wavelength is rejected ͓Fig. 6͑b͔͒. The lowest output power value at port P3 ͓Fig. 6͑b͔͒ is related to the ͉H͉ value that makes the output power at port P3 become nearly zero at the central wavelength. At port P4 the peak gain increases monotonically while the FWHM decreases monotonically. If we now fix the value of ͉H͉ and change K, the device behaves analogously. Again, two distinct functions appear, as a router and as a demultiplexer. The value of K does not alter the locations of the maxima and the minima but it can be used to control device specifications. The only restriction on the value of K is related to system stability.
From Fig. 7 we can see the dependence of the FWHM and the peak value at ports P3 and P4 on the K value with ͉H͉ ϭ 0.993 ͑with G ϭ 1.7956͒. At the design point, the RRBG operates as a router. In Fig.  7͑a͒ the FWHM at port P4 increases monotonically and the system is always stable for any K value, because as a router ͉H͉ Ͻ 1. However, at port P3, while the K value increases, a maximum FWHM is reached. Then the FWHM decreases until it disappears, because the value of the minimum of the function is greater than the half-maximum value. From Fig. 7͑b͒ it can be observed that there are values of ͉H͉ at port P4 of constant output power. This property has been used in designing a RR with tuning finesse and constant loss. 3 In summary, it has been shown that device performance depends on the value of ͉H͉.
For a router ͉H͉ must be less than 1. K should tend to 0, which helps the device to move nearer poles and zero location, defined by Eqs. ͑1͒ and ͑2͒, permitting greater gains at port P4 and high rejection ratios at port P3.
Graphic representations in Figs. 6 and 7 allow filters to be designed with the desired specifications.
The RR FSR is must be at least equal to a third of the FWHM of Bragg gratings to permit reasonable ratios of rejection between adjacent channels.
Once the device's functionality is defined, its FWHM and its value at the working wavelength can be controlled through manipulation of K and ͉H͉ values. 
Device Tolerances
This device can be implemented with either of two technologies: integrated optics or optical fibers. In this section we study ways in which parameter variations alter device specifications. Afterward, the dependence of the working wavelength on temperature is also reported.
A. Parameter Variations
First we analyze the ways in which ͉H͉ depends on parameter variations when the device operates as a router. Then we estimate the maximum deviation that is due to variations in component size tolerances and temperature for each parameter, and the parameters with a greater effect on ͉H͉ are identified. The next step is to determine the influence of these parameters on device specifications. Finally, the worst case is described, with the influence of all parameters taken into account simultaneously. This procedure is also done with constant ͉H͉ and with K as the tuning parameter.
The tolerance study is important because it helps us to estimate specification tolerances of fabricated devices, depending on the basic elements of which they are composed. Our tolerance study is focused on the working design, which is defined by the following parameter values: K ϭ 0.014, ␥ ϭ ␥ 2 ϭ 0.05, K 2 ϭ 0.5, G ϭ 1.7956, ␣ ϭ 0.00002, and a fiber Bragg reflectivity at a central wavelength of 0.8005. Those parameters are selected for optimum operation of the device as a router, with ͉H͉ ϭ 0.993. At this point of operation, rejection ratios as high as 40 dB at port P3 and gains of 15 dB at port P4 are obtained. Deviations are due mainly to two effects. The first is temperature, which modifies fiber length, coupling coefficients, and excess loss and gain. [12] [13] [14] [15] The second is fabrication tolerances. The output powers at ports P3 and P4 are functions of ͉H͉ and K.
Analysis of ͉H͉ variations
From Eqs. ͑1͒ and ͑2͒ we observe that the factor ͑1 Ϫ ␥͒ 1͞2 does not affect the rejection ratio or the FWHM at ports P3 and P4. So it can be considered a constant value. However, the peak values at ports P3 and P4 depend on deviations in ␥, but these are so small that their effect is not relevant. So it is a good approximation to consider that ͑1 Ϫ ␥͒ 1͞2 is a constant factor. From Eqs. ͑3͒-͑5͒ we see that ͉H͉ is given by
Analyzing parameter values, we see that the factor exp͑Ϫ␣L͒ depends on temperature variations, which modify the length. Once more, those changes are small, so the factor is considered equal to 1. ͉H͉ variations that are due to the other parameters near the design point are given by
If we evaluate these terms at the point of working operation we get the following values:
If the deviation margin were equal for all these parameters, the dominant effects would be related to 
␥ and ␥ 2 Deviations. These deviations are due mainly to environmental operating conditions such as temperature variations. For commercially available couplers the temperature coefficient has a value of 0.002 dB͞°C. 13 This coefficient implies an excess loss deviation equal to ⌬␥ ϭ 0.00044, in each coupler, if a 1°C temperature change is considered.
K 2 Deviation. These deviations are due to temperature changes with a worst-case variation of 0.002 dB͞°C ͑Ref. 13͒ and to variations in fabrication tolerance, typically of Ϯ0.001. For the inside loop coupler, a 1°C change produces a coupling coefficient increase of ⌬K 2 ϭ 0.0002. So the effects of deviations in fabrication tolerance dominate. K 2 is a critical parameter because for only a forward contribution of F 2 this coupling coefficient should be equal to 0.5. Although a small deviation in K 2 near the working point does not seriously affect the value of ͉H͉ ͑‫͉ץ‬H͉͞‫ץ‬K 2 ϭ 0͒, backward reflections can be avoided by use of an isolator.
Reflectivity Deviation r͑ 0 ͒. This deviation is related to fabrication tolerances; we accept a change of Ϫ2%. This deviation changes the reflectivity as ⌬͉r͉ ϭ Ϫ0.01601.
Gain variation ͑G͒. Emission and absorption transversal sections depend on temperature 14, 15 ; taking a Ϫ2% deviation into account, we obtain a gain decrement of ⌬G ϭ Ϫ0.035912.
These deviations, along with previously calculated factors, produce the following changes in ͉H͉:
Critical parameters with a greater influence on ͉H͉ are fiber Bragg reflectivity and loop gain. Only the worst modifications in reflectivity motivate a variation in ͉H͉, which makes peak values at ports P3 and P4 change from Ϫ39.93 and 18.61 dB ͑ideal values͒ to Ϫ4.75 and 10.76 dB, respectively. The FWHM at ports P3 and P4 changes from 17.93 and 15.37 MHz to 23.05 and 38.42 MHz. This effect is overcome with a 2.4% gain correction, which means a new gain value of 1.888. G can be used as the control parameter, so gain must be stabilized in the temperature range of operation. Considering simultaneously the worst-case variations of all parameters, we will have a ͉H͉ decrement of Ϫ0.033045, which could be corrected with a 7% gain variation, which means a new G value of 1.9213.
Analysis of K variations
There are two factors to be considered: temperature and fabrication tolerance. In this case a tolerance variation of Ϯ0.001 dominates. A final K value of 0.015 when the design value is 0.014 changes the peak values at ports P3 and P4 to Ϫ27.13 and 18.85 dB, respectively, and the FWHM to 17.93 MHz in both outputs. A K value of 0.013 makes the peak values at ports P3 and P4 change to Ϫ31.6 and 18.32 dB, with a FWHM of 15.37 MHz. G tuning can be used to compensate for a deviation in design specification caused by K variations at any port. The FWHM and peak values at the working wavelength depend less on variations in K than on variations in ͉H͉.
B. Variations in Working Wavelength
We tune the wavelength of the device by changing the optical path length. When we use the device as a router, once we have tuned it to extract a certain optical carrier, which means a certain wavelength, fluctuations can modify the working wavelength in a RR or a fiber Bragg grating. Temperature changes induce optical path-length changes that are due to variations in length and refractive index, which result in a variation in central wavelength for a RR expressed as
where 0 is the central wavelength, n eff is the effective refractive index, ␣ T is a linear thermal expansion coefficient of a monomode fiber ͑8 ϫ 10 Ϫ7 ͞°C͒, and is the thermo-optic coefficient ͑1 ϫ 10 Ϫ5 ͞°C͒. A temperature change of 10°C produces a change of 0.12 nm, which is a significant change because at a 1.55-m window it represents 15 GHz. So temperature stabilization is critical if we want a stable central wavelength of operation. In the case of fiber Bragg gratings, the change in central wavelength is given by 12
where n is the average effective refractive index of the fiber Bragg gratings. Temperature changes are critical in RR and fiber Bragg gratings, so it is important to stabilize temperature. Piezoelectric devices fixed to loop length and Bragg gratings can be used to tune device operation at a certain wavelength and to overcome deviations in length that are due to temperature.
Summary
A general study of a novel device that can operate as a router and as a demultiplexer has been carried out. The periodicity of a simple ring resonator is broken through a Bragg grating structure, so the device has a high free spectral range and a selective FWHM. It includes a gain section that incorporates design flexibility while overcoming the problem of tolerance of variations from design specifications. Use of a z-transform technique for device stability has been studied. Stability depends on the values of K and ͉H͉ at the working wavelength. The device can be implemented with integrated optics or with optical fiber technology. A set of rules and graphic information for the design of routers with a specific FWHM, rejection ratio, and gain at output ports for the working wavelength have been given. A study of the influence of parameter variations on design specifications for a device implemented by fiber technology was carried out. Fabrication tolerances and temperature effects were taken into account. Deviations from specifications have been compensated for by tuning of the gain value. For example, a reflectivity decrement of Ϫ0.01986 was overcome with a gain change of 2.4%. For a proper device operation, gain must be temperature stabilized. Temperature changes also induce variations in working length. They can be controlled with a piezoelectric device attached to a fiber loop and to fiber Bragg gratings. A router can also be tuned with those piezoelectric devices.
